Abstract: Geminate voiceless stops /pː tː kː/ have been recently found to show optional pre-aspiration under certain circumstances in spontaneous and read Italian speech. This paper investigates the impact of pre-aspiration on the perception and production of contrastive quantity, e.g., fato 'fate' vs. fatto 'done'. It tests the hypothesis that synchronic variability involving pre-aspiration, together with concomitant stop closure shortening, may be setting in motion a sound change in Italian ultimately leading to de-gemination, i.e., /pː tː kː/ > [ h p h t h k] > /p t k/. The proposed sound change would be perceptually driven (Ohala 1981 (Ohala , 1993 ) and comes about via listener association of pre-aspiration with the preceding vowel rather than the oral closure. The hypothesis is only partially supported by the experimental results. Perception data show that Italians perceive pre-aspirated stops as shorter than plain stops of analogous overall duration. However, production data show that pre-aspiration in Italian does not in fact involve concomitant oral closure shortening.
Introduction

Consonant length in Romance and in Italian
Standard Italian and most centro-southern varieties are exceptional in having maintained geminates from late Latin, e.g., UACCA(M) > Italian vacca /vakːa/ 'cow'. Contrastive length has been lost almost everywhere else in Romance languages, e.g., Spanish vaca /baka/, French vache /vaʃ/, and Romanian vacă /vakə/, often accompanied by lenition of intervocalic /p t k/ (cf. Loporcaro 2011: 150-153) . In Italian, the primary phonetic cue to geminates is increased consonant constriction duration (cf. Esposito and Di Benedetto 1999; Pickett et al. 1999; Payne 2005; Hualde and Nadeu 2011) . The preceding vowel plays a secondary role, whereby stressed vowels are predictably short preceding geminates fatto [ˈfatːo] 'done' and long preceding singletons fato [ˈfaːto] 'fate'. The secondary role of vowel duration in both production and perception has been confirmed experimentally (Esposito and Di Benedetto 1999; Pickett et al. 1999) . There is some evidence of overlap between singletons and geminates in Italian when they are measured in terms of consonant duration alone (Payne 2005: 172; Hualde and Nadeu 2011: 223) , but, importantly, Pickett et al. (1999) show that a third cue to consonant length, namely the C/V ratio, remains robust even across different speaking rates. Specifically, Pickett et al. found that the threshold value of 1.0 reliably distinguished post-tonic singletons and geminates in both production and perception: geminate consonants must be at least as long as the preceding vowel (i.e., C/V > 1 = /Cː/) whereas singleton consonants are shorter (i.e., C/V < 1 = /C/). For their study Pickett et al. measured voiceless stops /p t pː tː/ in terms of visible closure duration on acoustic displays, not including VOT or any postaspiration. This is understandable given that descriptive sources all agree that voiceless stops are unaspirated in standard Italian (e.g., Schmid 1999; Bertinetto and Loporcaro 2005; Krämer 2009 ). Substantial post-aspiration (as distinct from pre-aspiration, the focus of the present study) is occasionally visible and audible in spoken standard Italian (cf. Stevens and Hajek 2010) . Voiceless stops are also reported to be post-aspirated in a very small number of regional varieties (e.g., Rohlfs 1966; Mele 2009 ). In the dialect spoken in San Giovanni in Fiore, Calabria, post-aspiration is reported to be confined to geminates (Mele 2009: 153) but is not considered to be a phonetic cue to consonant length by this author.
Pre-aspiration and sound change
Recent acoustic phonetic investigations by the first author show evidence of a novel pronunciation for Italian whereby some native speakers optionally produce voiceless geminate stops with aspiration before consonant closure, i.e., preaspiration. Other acoustic phonetic studies on Italian involving voiceless geminate stops have not reported pre-aspiration (cf. Esposito and Di Benedetto 1999; Pickett et al. 1999; Payne 2005; Hualde & Nadeu 2011) , but in a cross-linguistic study of glottal flow during stop production involving inverse filtering Ní Chasaide and Gobl (1993) reported breathy voice in the transition into voiceless geminate stops for Italian. These authors describe relatively early glottal abduction resulting in breathy voice preceding voiceless stops as a language-specific pattern for their five (Florentine) Italian speakers. This is essentially the inter-gestural timing for pre-aspirated stops, for which glottal abduction must precede oral closure (cf., e.g., Ladefoged and Maddieson 1996: 71-72) . Phonologically contrastive pre-aspirated stops are described as rare in the world's languages (cf. Silverman 2003) and are associated mainly with Icelandic and other languages spoken in far northwestern Europe (cf., e.g., Pind [1996] on Icelandic; Nance and Stuart-Smith [2013] on Scottish Gaelic). Optional pre-aspiration in the production of voiceless stops is a widespread tendency in dialects spoken throughout Scandinavia (Helgason 2002) . In terms of the Romance languages, pre-aspirated stops are found in several varieties of Spanish as a result of debuccalization of /s/ in coda position, e.g., estado [e h taðo] 'state' (e.g., Romero 1995; Torreira 2012; Ruch and Harrington 2014) . Figure 1 shows two separate productions of the word gatto 'cat' drawn from the CLIPS corpus of spoken Italian (www.clips.unina.it), one involving a plain unaspirated stop and the other with visible and audible pre-aspiration [ga h tːo].
Preliminary acoustic evidence for Italian suggests pre-aspirated realisations of /pː tː kː/ are not associated with any particular regional pronunciation (Stevens 2010 (Stevens , 2011 , in contrast to, e.g., Swedish (Wretling et al. 2003) or Norwegian (van Dommelen 1999 . This pre-aspiration also appears not to be confined to any particular speaking style, as it has been documented in read speech recorded in experimental settings (Stevens 2010 (Stevens , 2011 on the CLIPS corpus) as well as in spontaneous speech (Stevens 2012 on Sienese Italian). Some Italian speakers tend to pre-aspirate more than others (cf. Stevens 2012: 224) , and structural factors such as consonant place and lexical stress also appear to play a role in the distribution and duration of pre-aspiration (Stevens 2011) . In both of these respects, pre-aspiration in Italian broadly resembles phonetic descriptions of preaspiration in other languages in which it is an optional feature (e.g., Foulkes et al. 1999 on Newcastle English; Helgason 2004; Helgason and Ringen 2008 on Central Standard Swedish) . Pre-aspiration in Italian is unexpected in the sense that Italian has neither contrastive aspiration nor /h/; this conflicts with Silverman's (1997: 7) suggestion that pre-aspiration should only develop in languages that already have contrastive post-aspiration.
Novel synchronic variants such as pre-aspiration in Italian can become permanently contrastive in a language; this idea is well established in the sound change literature (e.g., Ohala 1981 Ohala , 1993 Beckman et al. 1992; Hura et al. 1992; Hansson 2008; Harrington 2012; and many others) . Moreover, the specific sound change from geminates to pre-aspirated stops has been documented to have taken place in other languages, for example, voiceless geminates inherited from Old Norse are now realized with contrastive pre-aspiration in Icelandic, e.g., kappi [k h ahpɪ] 'hero' (example from Thráinsson 1978 : 6, cf. Kümmel 2007 . The motivations and phonetic mechanisms of this sound change, however, are not well understood and have not yet been the subject of an experimental phonetic investigation. Blevins and Garrett (1993) suggest that pre-aspiration originates in slightly mistimed oral and glottal gestures in the production of voiceless geminate stops. In other words, for these authors pre-aspiration is, at its origins, not under the control of the speaker (cf. Solé [2007] on controlled vs. mechanical phonetic events). Most other sources instead assume pre-aspiration has its origins in a deliberate gesture intended to maintain, e.g., contrastive voicing (Ní Chasaide 1985) or length (Ó Baoill 1980) . The development of pre-aspiration in / pː tː kː/ is nearly always linked to closure shortening, although sources disagree as to whether pre-aspiration triggers closure shortening or vice versa (cf. Ní Chasaide 1985 for discussion). Thráinsson (1978: 35) suggests that for pre-aspiration to develop in geminates, a diachronic rule "has to wipe out or delete the set of supralaryngeal features for the first half of the stop and leave only the laryngeal feature specifications". The assumption here is that pre-aspiration with concomitant closure shortening involves less supra-laryngeal effort for the speaker and preserves the duration of intervocalic voicelessness, which is assumed to be an important cue to /pː tː kː/ for listeners (cf. Stevens [2012: 249] on Italian). The central aim of this paper is to test these two assumptions about the development of pre-aspiration in /pː tː kː/, i.e., whether -pre-aspiration involves concomitant shortening of oral closure in production (cf. Section 1.3). -listeners show a trading relation in perception between pre-aspiration and closure duration (cf. Section 1.4).
Italian listeners attend primarily to the duration of oral closure in making perceptual judgements about phonological quantity (cf. Section 1.1). This means that when /pː tː kː/ are produced with pre-aspiration and concomitant oral closure shortening, they might be more likely to be perceived by Italian listeners as short /p t k/. This misperception of pre-aspirated /pː tː kː/ as short could ultimately lead to de-gemination in contemporary Italian -a novel hypothesis which is outlined at Section 1.5. First, however, pre-aspiration in relation to the production and perception of /pː tː kː/ is addressed in more detail in the following two sections, respectively.
Pre-aspiration in the production of /pː tː kː/
Available acoustic evidence for present-day Italian is consistent with the first hypothesis just listed above, i.e., that pre-aspiration involves concomitant shortening of oral closure in production. Duration measurements for vowel + /pː tː kː/ sequences in isolated words (e.g., /akː/ in macchina /ˈmakːina/ 'car') are listed in Table 1 according to whether they were produced with (V h C) or without (VCː) pre-aspiration. These data were drawn from the CLIPS corpus of spoken Italian (Savy and Cutugno 2009 ). The fourth column shows that mean closure duration is 30 ms shorter when it follows a portion of pre-aspiration. The patterns in Table 1 are similar to results reported for pre-aspirated stops in Icelandic, where Ladefoged and Maddieson (1996: 70) note that "the duration of the pre-aspiration and stop closure together in hp, ht, etc. is about equal to the duration of the stop closure itself in unaspirated stops".
1 Comparisons between pre-aspirated and plain /pː tː kː/ in spontaneous speech (Stevens 2012 , six speakers) also report similar patterns in terms of the impact of pre-aspiration on closure duration. Therefore at present there appears to be free variation for Italian speakers between producing geminates with a long oral closure or with preaspiration and a somewhat shorter oral closure. However, available acoustic evidence for pre-aspiration in Italian is based on pre-existing corpora for which the potential impact of speaker identity, word length, and place of articulation and identity of the surrounding segments could not always be controlled. Whether pre-aspiration necessarily involves concomitant oral closure shortening in the production of voiceless geminate stops remains to be tested.
Listener perception of pre-aspirated /pː tː kː/
This paper also tests the second hypothesis listed at Section 1.2 above, i.e., whether Italian listeners will show a trading relation between pre-aspiration and closure duration in perception. It does so within the terms of Ohala's (e.g., 1981 Ohala's (e.g., , 1993 ) model, which is based on the idea that listeners can select novel synchronic variants for sound change. Speech perception involves parsing auditory information to its source (e.g., McMurray and Farris-Trimble 2012: 389-390 and references therein). Ohala argues that listeners are normally very good at coping with ambiguities in the speech signal and factoring out distortions due to, e.g., background noise or coarticulation. Nonetheless, he suggests that they occasionally make errors, and that these listener errors are the source of sound change. Seen in terms of Ohala's model, the question here is whether Italian listeners will show a trading relationship between pre-aspiration and oral closure (ensuring the stability of phonological length for /pː tː kː/), or whether listener misparsing of pre-aspiration might bring about sound change in Italian. The first scenario in terms of Ohala's model is that listeners will attribute pre-aspiration to a distortion in the production of /pː tː kː/ and will correct for its presence in the auditory signal. As long as listeners associate pre-aspiration with (shorter) oral closure in perception, they should still perceive pre-aspirated pronunciations as long.
(1a) speaker produces:
[fa h to] ↓ listener hears:
[fatːo] ↓ listener maps to:
fatto 'done' ↓ listener-as-speaker produces: [fatːo] In (1a) listeners parse pre-aspiration with the oral closure for /tː/. (The illustrations in (1a), (1b), and (1c) are adapted from Ohala's (1981: 182) original depictions of sound change involving /u/-fronting.) In doing so, they essentially correct for pre-aspiration, hearing [tː] , and their own production (cf. 'listener-as-speaker') thus remains unchanged. Under this scenario pre-aspirated productions of /pː tː kː/ are not expected to bring about any change to pronunciation norms or to the system of phonological contrasts (cf. Janda and Joseph 2003: 17-18 on speaker innovation vs. language change). On the other hand, Ohala's model allows for a second scenario in which the pronunciation norm for geminates could change. This would be the case if the listener were to detect pre-aspiration (still parsing it with the oral closure for /tː/). Ohala and Busà (1994: 13-14) , for example, suggest that /s/-aspiration comes about via listener reinterpretation of breathy voice in the transition to /s/ as an intended event.
This scenario is depicted for pre-aspirated stops in (1b), in which the listener detects pre-aspiration, parses it with oral closure for /tː/, and produces /tː/ as [ h t] thereafter.
(1b) speaker produces:
[fa h to] ↓ listener maps to:
fatto 'done' ↓ listener-as-speaker produces: [fa h to] There is no change to the phonemic contrast between /t/ and /tː/ in (1b); it is the pronunciation norm for /tː/ that changes such that part of the long closure is replaced with pre-aspiration. The scenario in (1b) is perhaps the mechanism by which historical voiceless geminates came to be realised with contrastive preaspiration in Icelandic. In both (1a) and (1b) there is a match between production and perception in the sense that both show a trading relationship between preaspiration and oral closure for /tː/. 2 This trading relation ensures the stability of phonological length over time, despite the novel pronunciation of /pː tː kː/ with pre-aspiration.
Ohala's model provides for an alternative third scenario as well, whereby the listener "fails to parse or associate a given perturbation or variation in the speech signal with the conditioning environment" (1993: 264). The prediction for preaspiration in Italian is that native listeners might fail to associate pre-aspiration (the perturbation or variation) with the oral closure for the voiceless geminate (the conditioning environment). As described below, this parsing strategy would favour mapping pre-aspirated pronunciations of /pː tː kː/ to singleton /p t k/ in perception.
A new proposal: de-gemination via pre-aspiration
To distinguish singletons from geminates, Italian listeners attend primarily to oral closure duration, alone and relative to the duration of the preceding vowel (cf. Section 1.1). Available acoustic evidence (cf. Table 1) shows that mean oral closure is 30 ms shorter when geminate /pː tː kː/ are produced with pre-aspiration. This means that Italian listeners would be more likely to map pre-aspirated pronunciations to short stops /p t k/ -unless of course they parse pre-aspiration with oral closure as just outlined at (1a) and (1b). Note that Ohala's (1993: 246) model predicts that novel perceptual variants form the model for that listener's own speech -thus the listener-turned-speaker produces fatto with short oral closure thereafter. The third scenario for listener perception of pre-aspirated stops is illustrated for fatto/fato in (1c).
(1c) speaker produces:
[faːto] ↓ listener maps to:
fato 'fate' ↓ listener-as-speaker produces: [faːto] Why would Italian listeners fail to parse pre-aspiration with the oral closure? There are two main reasons. First, pre-aspiration is hard to hear (Bladon 1986 ). Native listeners of pre-aspirating languages can detect the onset of pre-aspiration and parse it appropriately (e.g., Ní Chasaide 1985; Pind 1996; Wretling et al. 2003; Helgason 2004 ), but Helgason (2002: 34) suggests that pre-aspiration is otherwise a subtle feature that can go unnoticed in auditory analyses. Second, the relationship between pre-aspiration and quantity, particularly in perception, is not straightforward. For example, whether native Swedish listeners parse preaspiration with consonant closure or not depends on their dialect background. V h C stimuli with pre-aspiration occupying 28% of the stimulus are more likely to be perceived by listeners from Vemdalen as containing a long consonant, e.g., /takː/ 'thanks' but by listeners from Arjeplog as containing a long vowel, e.g., /taːk/ 'roof' (Wretling et al. 2003) . These authors found that the dialect-specific parsings of pre-aspiration with the consonant (Vemdalen) or the vowel (Arjeplog) were also matched in production. Based on production data for Norwegian, van Dommelen (1999) instead suggests that pre-aspiration should be interpreted as an independent segment in that language, i.e., a feature associated neither with the consonant nor with the preceding vowel. Thus there are three different patterns in terms of the relationship between pre-aspiration and quantity contrasts. The present study focuses specifically on whether Italian listeners parse preaspiration with the (shorter) oral closure. As we have just seen in (1a), (1b), and (1c), it is this issue that is likely to directly impact the stability of the phonological length contrast in Italian. If Italian listeners succeed in parsing pre-aspiration with oral closure, they will map pre-aspirated stops to geminates; if they fail to do so, Italian listeners will map pre-aspirated stops to singleton /p t k/. Within the latter scenario, the secondary issue arises as to whether Italian listeners associate pre-aspiration with the vowel (like Arjeplog listeners), or as an independent segment (as in Norwegian). The results of the perception experiment are discussed in relation to this secondary issue in Section 2.2.
The three different patterns in terms of the relationship between preaspiration and quantity contrasts across languages likely come about because of the perceptual ambiguity of pre-aspiration itself. Archetypal pre-aspiration [h] shares spectral properties with the preceding vowel as well as the consonant: it shows continued spectral activity in the formant regions of the preceding vowel and shares voicelessness with the stop portion. Pre-aspiration is also highly variable and can, for example, "appear either as a period of high-frequency frication before the voiceless stop 'gap', or as a breathy continuation of a preceding vowel" (Foulkes et al. 1999 : 1626 on optional pre-aspiration in Newcastle English). There is descriptive evidence that pre-aspiration can alternate with vowel lengthening, both synchronically -e.g., Tarascan [ˈtsɨ h kuni ̥ ] ~ [ˈtsɨːkuni ̥ ] 'to drop from one's hand' (Foster 1969 in Silverman 2003 : 578) -and diachronically. Silverman (2003 attributes this alternation to the fact that pre-aspiration is hard to hear; the onset of pre-aspiration is presumably more difficult for listeners to detect than the abrupt transition from a vowel into voiceless closure for plain stops (e.g., Hawkins 2010: 66 on the auditory significance of abrupt boundaries). Notably, Italian listeners might have special difficulty with the presence of pre-aspiration in the auditory signal. Like most Romance languages, Italian has neither phonemic /h/ nor contrastive (post-)aspiration. Mielke (2003) reports that listener detection of glottal [h] is dependent on whether the listener's native phonemic inventory contains /h/ and in which phonotactic positions it can occur. Italian listeners should therefore be relatively poor at detecting pre-aspiration preceding oral closure, and might therefore tend not to parse the two together. 3 As depicted in (1c), failure to parse pre-aspiration with oral closure could eventually lead to de-gemination. This pathway to de-gemination does not account for de-gemination in other consonant types that would be unaffected by pre-aspiration, such as sonorants or voiced stops. However, shorter oral closure for /pː tː kː/ could, over time, serve to weaken this cue in the production and perception of quantity for other consonant types, such that they might eventually also undergo de-gemination. Some indirect evidence in support of the idea that length may be less stable for voiceless stops is that in contemporary Western Andalusian Spanish, short voiceless stop variants coexist alongside long sonorants (Torreira 2012). 4 3 In contrast to Italian, Scandinavian languages, e.g., Swedish, Danish, and Icelandic, all have phonemic /h/. This structural difference could perhaps help to explain the development of contrastive pre-aspiration in several Scandinavian varieties. 4 The sound change in progress proposed here for contemporary Italian can potentially be linked to diachronic change in the past. Historical /pː tː kː/ have already been lost in most other Romance varieties (Section 1.1), which, notably, also typically lack /h/. Historical de-gemination has been described as a gradual process in terms of its geographical spread throughout the Romance-speaking area (e.g., Loporcaro 2011: 151) or within a particular variety due to structural factors such as lexical stress (e.g., Rohlfs 1966: 323; Loporcaro 2011: 153) . The idea that historical de-gemination may have been phonetically gradual and may have involved an intermediate In sum, this paper aims to test whether a sound change involving degemination of /pː tː kː/ via pre-aspiration is underway in contemporary Italian. The proposed sound change is perceptually driven and can be seen within the terms of Ohala's model, which links synchronic variation to permanent sound change. The first stage in time involves free variation for speakers between producing /pː tː kː/ with long closure or with shorter closure and pre-aspiration (present-day Italian appears to correspond to this first stage). As long as listeners parse pre-aspiration with oral closure, phonological consonant length should remain stable. In the second stage, listeners fail to parse pre-aspiration with (shorter) oral closure for geminate /pː tː kː/ and thus perceive pre-aspirated pronunciations as short. This model rests on two hypotheses: (1) that pre-aspiration involves concomitant oral closure shortening in production and (2) that listeners do not parse pre-aspiration with the oral closure. These two hypotheses are tested separately in two experiments, described in turn below. The production and perception data are then discussed with special reference to individual variability. Although phonetic studies tend to concentrate on group-level patterns, recent experimental approaches to sound change converge on the idea that differences between individuals might be the key to understanding why some synchronic variability becomes sound change, and how change might spread from one individual's grammar to the wider community (e.g., Beddor 2009; Grosvald and Corina 2012; Yu 2013; Stevens and Harrington 2014) . With this in mind, individual differences between the production and perception of pre-aspiration are investigated in Section 4.4.
Perception experiment 2.1 Method
Listener parsing of pre-aspiration was tested by comparing responses to two 10-step fatto-fato continua, one involving plain stops [faːto]…[fatːo], and the other in which part of the oral closure was replaced with pre-aspiration [fa h to]…[fa h tːo]. Importantly, oral closure was replaced by pre-aspiration in the perception stimuli in order to represent /pː tː kː/ as they occur in the ambient language, which has stage of pre-aspiration for voiceless stops differs from the traditional assumption that it was a one-step process in Romance (e.g., Rohlfs 1966; Loporcaro 1996 Loporcaro , 2011 Giannelli and Cravens 1997). been argued to involve concomitant closure shortening (cf., e.g., Table 1 ). In both continua, the consonant-to-vowel (C/V) ratio decreased from 2.1 (= fatto [atː] ) to 0.6 (= fato [aːt] ). Endpoint values were based on Pickett et al.'s (1999: 145) mean values for three speakers and were chosen to be well above and below their suggested threshold of 1.0 for post-tonic geminates. In calculating the C/V ratio for the pre-aspirated [fa h to]…[fa h tːo] stimuli, pre-aspiration was included as part of the overall duration of the consonant (i.e., C = pre-aspiration + closure; V = vowel duration). The hypothesis is that listeners will fail to parse pre-aspiration with the (shorter) oral closure and will therefore give more 'fato' responses for the pre-aspirated stimuli.
Participants
Participants for this experiment were recruited locally in Prato, Tuscany, which lies near Florence. Contemporary standard Italian is spoken with distinct, readily identifiable regional accents (Bertinetto and Loporcaro 2005; Savy and Cutugno 2009) , and it is necessary to control for the regional origin of participants as far as possible. For example Northern varieties lack geminates and this feature can carry over into standard pronunciation. Prato Italian sounds very close to the (abstract) notion of standard Italian except that intervocalic singleton /p t k/ are optionally realized as voiceless fricatives due to the Gorgia toscana, e.g., prato > [praːθo ~ praːho] 'Prato (town name)/field'); cf. Dalcher [2008] on the Gorgia toscana in Florentine Italian). Allophonic weakening of intervocalic /p t k/ is typical of almost all non-northern varieties (Giannelli and Cravens 1997: 35) , complicating phonetic investigations into stop contrasts (see, e.g., Hualde and Nadeu 2011 on Rome Italian). 5 Due to the Gorgia toscana, which is optional but highly salient, Prato listeners have some linguistic experience with glottal [h] and may be better at detecting pre-aspiration in the auditory signal than listeners from other parts of Italy. The Gorgia toscana does not directly explain the occurrence of pre-aspirated /pː tː kː/ in Tuscan varieties, however, because speakers from all over the Italian peninsula show this tendency (Stevens 2011) .
Results for the perception experiment are based on 15 participants, 4 males and 11 females. All participants were born and raised in Prato, aged between 17 5 The optionality of the Gorgia toscana means that short /p t k/ can be realized as [p t k]; cf. Stevens (2012: 73-76) on the potential for phonetic overlap between singletons and geminates in Tuscan varieties. and 30 years, and studying at the local high school or university.
6 They were all self-reported native speakers of Italian with some experience of a language other than Italian (typically English or French) at school. None reported any difficulties with speech or hearing. Participants were naïve as to the purpose of the experiment and were paid for their participation.
Stimuli and task
To create the stimuli, one gatto token was extracted from the CLIPS word list data. In this particular gatto repetition (seen in the lower part of Figure 1) , the geminate /tː/ was produced with 56 ms of pre-aspiration. The duration of the pre-aspiration portion was adjusted slightly to match the mean of 48 ms reported in an earlier study (Stevens 2011, cf. Note that when pre-aspiration is included in the duration of the consonant, the C/V ratio is 2.1 in both stimuli. This value is well above the ratio of 1.0 required for native Italians to perceive a geminate. A 10-step continuum to singleton fato 6 Twenty-eight participants took part in the production experiment. Seven participants did not complete the perception experiment and were therefore excluded. One participant (later discovered to be bilingual in English) was excluded along with four considerably older participants (between 46 and 61 years of age). Initial comparisons between old (n = 4) and young speakers (n = 16) showed differences in the perceptual boundary and need to be investigated with a larger sample of older participants. was then synthesized by manipulating the C/V ratio from 2.1 (= fatto) down to 0.6 (= fato) in 10 equal steps. To do this, vowel and oral closure durations were manipulated in Praat -not pre-aspiration duration, which was instead kept stable at zero along the plain stop [fatːo] continuum and at 48 ms along the pre-aspirated [fa h tːo] continuum. The 160 stimuli (10 steps × 2 continua × 8 repetitions) were randomized and presented to listeners in a two-alternative forced-choice perception experiment. Listeners completed the experiment on line and were instructed to wear headphones. Their task was to decide whether each stimulus sounded more like fato or fatto and to click the corresponding button (the buttons showed orthographic words). Participants could listen to the stimuli as many times as they wished.
Data analysis
Listener response data were analysed with the lme4 package in R, following procedures described in Kleber et al. (2011) . 50% fatto-fato category boundaries were obtained with logistic regression by fitting a generalized linear model to the response data with Listener Response (2 levels 'fatto'/'fato') as the dependent variable, Stimulus Number (10 levels) as a fixed factor, and Listener (15 levels) as a random factor. This fitted sigmoid curves to each listener and each continuum (giving 15 × 2 category boundary values (u), derived from the listenerspecific intercept (m) and slope (k) values by calculating u = -k/m). The influence of pre-aspiration on the fatto-fato category boundary u was tested with a mixed model within R package lme4 (Bates 2010 ) with u as the dependent variable, Continuum (2 levels 'plain'/'pre-aspirated') as a fixed factor, and Listener as a random factor. The p value was obtained by comparing the full model to a null model. Figure 2 shows listener responses to the two fato-fatto continua (combined for all listeners). The proportion of 'fatto' responses increases as the C/V ratio increases. For the plain continuum (labelled 'fa[tː]o'), the 50% category boundary for geminate fatto is just under the threshold value of 1.0 suggested by Pickett et al. (1999) . This means that even when the consonant was slightly shorter than the preceding vowel, listeners in this study still perceived it as a geminate. Responses to the pre-aspirated continuum ('[fa [ht] o') show a rightwards shift.
Results
The fact that there is a difference between the two continua means that pre-aspiration affected listener categorization of phonological consonant length. The fact that the pre-aspirated continuum shifts to the right means that preaspirated stops are less likely to be perceived as geminates than their plain counterparts. In other words, replacing part of the oral closure with pre-aspiration elicited more fato responses. This result clearly shows that listeners did not parse pre-aspiration with the oral closure in categorizing the stimuli, because had they done so we would have found no difference between the two continua. The mixed model conducted with the 50%-perceptual category boundary as the dependent variable, Continuum as a fixed factor, and Participant as a random factor confirmed that the perception of consonant length is significantly affected by preaspiration ( χ 2 [1] = 31.56, p < 0.001). Inspection of individual listener data also showed a later 50% category boundary -if only slightly -in response to the pre-aspirated continuum in all cases. Most listeners showed a difference of between 1 and 2.5 continuum steps, but for two listeners the difference was less than 1 continuum step, i.e., the pre-aspirated continuum showed only a very slight rightwards shift. Such small differences between the category boundaries for the plain and pre-aspirated continua suggest that these two listeners tended to parse pre-aspiration with consonant closure. Nonetheless, most listeners clearly did not parse pre-aspiration with the consonant closure for the purposes of computing a C/V ratio in order to categorize stimuli as fato or fatto. The question now arises as to whether they parsed it with the vowel or independently. While our experiment was not designed to test this issue -concentrating instead on the impact of pre-aspiration on consonant length -closer inspection of the response data can shed some light on whether listeners parsed pre-aspiration with the vowel or independently. More specifically, Table 3 lists the C/V ratio (C +pre )/V with pre-aspiration duration included in the consonant, as has been the case up to this point, and C/(V +pre ) with preaspiration included in the vowel.
The proportion of geminate responses in the right-most column should track C/V ratio values because the C/V ratio is a reliable cue to phonological length for Italian listeners. We just saw that participants did not parse pre-aspiration with oral closure, (C +pre )/V, for the purposes of computing a C/V ratio in this perception task because their responses differed between the two continua in Figure 2 . This is also illustrated in Table 3 , because for the (C +pre )/V column, the geminate threshold lies at stimulus 5, but listeners require a C/V ratio of at least 1.7 to respond with fatto. The next question is whether listeners parsed pre-aspiration with the vowel for the purposes of computing a C/V ratio and making a decision about phonological length. C/V ratio values with pre-aspiration included together with that of the vowel are listed in the C/(V +pre ) column. We can see that in this case the geminate threshold lies at stimulus 8 (also in bold). In the right-most Table 3 : Segment durations (vowel "V", pre-aspiration "Pre", and closure+VOT "C", in ms) for each of the ten stimuli along the pre-aspirated fato-fatto continuum. (C +pre )/V and C/(V +pre ) show C/V ratios with pre-aspiration duration included in the consonant and in the vowel, respectively. The percentage of geminate fatto responses to each stimulus (corresponding to the red curve in Figure 2) is listed in the right-hand column. column, there is a considerable jump in the percentage of geminate responses from stimulus 6 (35.8%) to stimulus 7 (87.5%), yet both of these stimuli are below the perceptual threshold of 1.0, if pre-aspiration is parsed to the vowel. Therefore, this measure corresponds no better to listener responses than when preaspiration was parsed with the consonant closure, (C +pre )/V. Thus, based on these data, it appears that our Italian listeners parsed pre-aspiration independently from the vowel and independently from the oral closure when calculating the C/V ratio for the purposes of making a decision about phonological length.
Stim
Production experiment
Method
The production experiment was designed to assess whether pre-aspiration involves concomitant oral closure shortening in the production of geminate stops. To do so, multiple repetitions of words containing voiceless geminates were recorded and divided according to whether they were produced with or without intervening pre-aspiration. 7 The hypothesis is that oral closure should be shorter for the pre-aspirated tokens.
Participants
Participants were the same as those who participated in the perception experiment.
Data collection
Recordings were made by the first author in a private living room in Prato using the SpeechRecorder software (Draxler and Jänsch 2004 ) on a MacBook Pro and a headset microphone. Participants were given no explicit instruction as to whether they should speak with the local accent or in standard Italian. This is because the two are not necessarily separable in practice for native Tuscan speakers (cf. Bertinetto and Loporcaro 2005: 144) and the words were to be read in as natural a manner as possible. This is important given pre-aspiration, as a novel synchronic variant, might not occur at all in more formal settings. The data involve a subset collected towards a larger investigation for which participants read a list of real words containing post-tonic /p t k pː tː kː/ in various contexts. The subset analysed here involves words containing geminate /tː/ (ditta, matti, fatto, gatta 'fingers, crazy, done, female cat'), facilitating comparison with the perception data which also involved /tː/. With repetitions, there were 60 /tː/ tokens per speaker. Two were discarded due to background noise, giving 898 tokens in total.
Labelling
Word tokens were labelled semi-automatically with MAuS (Schiel et al. 2011) , and the acoustic boundaries were then adjusted manually using Praat (Boersma and Weenink 2012) . For each token the duration of the following portions was measured: -Vowel -Pre-aspiration -Closure -VOT (= burst and post-aspiration)
The presence of pre-aspiration in individual tokens was decided manually based on auditory as well as acoustic cues, taking the offset of modal voicing in the vowel as the primary acoustic cue (i.e., breathy voicing, where present, was included in the pre-aspiration portion). This is consistent with previous work on Italian (e.g., Stevens 2011) and follows standard procedures for labelling pre-aspiration (e.g., Ní Chasaide 1985; Helgason 2002; van Dommelen and Ringen 2007; Helgason and Ringen 2008) . Where no pre-aspiration intervened in the vowel-voiceless stop transition, pre-aspiration duration was recorded as zero. These duration data were imported into Emu/R (Harrington 2010) for analysis.
Analysis
The segmental affiliation of pre-aspiration in the production of vowel + /tː/ sequences is tested with primary reference to the C/V ratio. This measure was defined following Pickett et al. (1999) except that voice onset time was included with closure duration in the present study, i.e., C/V = (closure duration + VOT)/ vowel duration. Pickett et al. (1999) did not report pre-aspiration in their study and defining the C/V ratio in this way means that the duration of any intervening pre-aspiration in the present data is removed from the equation.
( Excluding pre-aspiration from the C/V ratio allows us to investigate pre-aspiration in production. Recall the available acoustic evidence (cf. . This is because excluding pre-aspiration from the C/V for [fa h tːo] tokens implies subtracting pre-aspiration from the numerator. If, on the other hand, speakers time pre-aspiration with the vowel, then C/V ratios should be higher for the tokens produced with pre-aspiration. This is because subtracting pre-aspiration duration from the denominator (V) would increase the C/V ratio for the pre-aspirated tokens. Finally, pre-aspiration might be independent from quantity distinctions (cf. Section 1.5). If this is so, then leaving pre-aspiration duration out of the C/V ratio equation should make no difference, and values should be similar for the pre-aspirated and plain tokens. Table 4 summarizes these three hypotheses and what they mean in terms of the temporal affiliation of pre-aspiration in the production of vowel + /pː tː kː/ sequences. A mixed model within R package lme4 (Bates 2010 ) was applied to these data with one of either Vowel Duration, Closure + VOT Duration, or C/V Ratio as the dependent variable, Pre-aspiration as a fixed factor (2 levels: pre-aspirated or plain), and Speaker (15 levels) and Word (4 levels) as random factors. In each case we obtained p values by running the model a second time without pre-aspiration as a fixed factor and then comparing the two models with a Chisquared test. Table 4 : Three potential scenarios regarding the C/V ratio for pre-aspirated (C/V pre-asp ) and plain (C/V plain ) tokens. The right-hand column lists the implications.
C/V ratio Implication
A C/V pre-asp < C/V plain Speakers co-ordinate pre-aspiration temporally with oral closure B C/V pre-asp > C/V plain Speakers co-ordinate pre-aspiration temporally with the vowel C C/V pre-asp ≈ C/V plain Pre-aspiration is timed independently in production
Results
Pre-aspiration occurred in 155 of the 898 (17.3%) tokens. Individuals varied to the extent that they pre-aspirated in the production of /tː/: speakers ranged from producing no pre-aspiration at all (two speakers) to producing 37% of their /tː/ tokens with pre-aspiration. In Figure 3 the number of pre-aspirated tokens is plotted against mean pre-aspiration (one data point per participant). The frequency and duration of pre-aspiration are positively correlated: not all speakers pre-aspirated, and those that did so more often showed longer pre-aspiration portions. This correlation between the frequency and duration of pre-aspiration was accounted for by including speaker as a random factor in the mixed model. Moreover, only data for participants whose tokens included both pre-aspirated and plain stops were plotted. This was done to avoid biasing comparisons between plain and pre-aspirated tokens to those individuals who preaspirated more frequently. Thus, the number of data points (each representing mean duration for one speaker) varies across comparisons and is listed at the top of each cell in Figures 4-6 .
Vowel duration is shorter with pre-aspiration, and the mixed model with vowel duration as the dependent variable confirms that pre-aspiration has a sig- [1] = 108.9, p < 0.001). This pattern conflicts with results based on less controlled comparisons for pre-aspiration in Italian (cf. §1.3) which instead suggest that vowel duration remains relatively stable whether or not pre-aspiration intervenes in a vowel + /pː tː kː/ sequence. Figure 5 shows that the mean duration of pre-aspiration varies according to vowel type: it is shorter in ditta than following low /a/ in the other three words.
Pre-aspiration is also significantly shorter after high vowels in other languages (e.g., Nance and Stuart-Smith 2013: 137 on Scottish Gaelic). The effect of vowel type on pre-aspiration duration in Italian was tested with a mixed model on the subset of 155 pre-aspirated tokens, with Pre-aspiration Duration as the dependent variable, Vowel Type (2 levels) as the fixed factor, and Speaker as a random factor. This model confirmed that vowel type has a significant influence on pre-aspiration duration ( χ 2 [1] = 20.731, p < 0.001). The pattern in Figure 5 also reflects the correlation between frequency and duration of pre-aspiration in these data: only three participants produced ditta with pre-aspiration, whereas nearly all participants produced pre-aspiration at least once in the /a/ words. In contrast to these patterns for vowel duration, pre-aspiration had little impact on the du ration of the voiceless stop /tː/: mixed models showed no influence of preaspiration on closure duration or on VOT duration. The summed duration of Closure + VOT also remained stable whether or not pre-aspiration occurred, and a mixed model with Closure + VOT as the dependent variable confirmed that pre-aspiration had no effect on the duration of the stop ( χ 2 [1] = 0.0188, p = 0.8911). Mean C/V values were consistently higher for the pre-aspirated tokens, as seen in Figure 6 , and a mixed model applied with C/V Ratio as the dependent variable confirmed this pattern ( χ 2 [1] = 99.9, p < 0.001).
Recall from Section 3.1.4 that pre-aspiration was not included in the C/V ratio calculations, which led to three scenarios about the temporal affiliation of pre-aspiration in the production of vowel + /pː tː kː/ sequences. The pattern in Figure 6 , with higher C/V ratios for the pre-aspirated tokens, can be interpreted as follows: adding pre-aspiration to the denominator would decrease the C/V ratio, bringing pre-aspirated stops more into line with plain stops on this measure. This favours the interpretation that pre-aspiration is temporally co-ordinated with the vowel. This pattern was upheld within individual speakers, i.e., most showed higher mean C/V ratios for their tokens produced with pre-aspiration. However, differences between plain and pre-aspirated tokens were often very small, with several speakers showing no clearly visible difference between plain and pre-aspirated tokens on this measure. Nonetheless, no speaker showed lower mean C/V values for their pre-aspirated tokens. Therefore, and in contrast with the predictions of this study, there is no evidence that preaspiration involved concomitant closure shortening for any of the speakers.
Discussion
Pre-aspiration and quantity in perception
This study tested Italian listener perception of pre-aspirated stops, which have been recently documented to occur in the ambient language. Results showed that when part of the oral closure for a voiceless geminate stop /tː/ is replaced with pre-aspiration, Italian listeners are more likely to perceive a short stop /t/. For all but two of our listeners, only long closure was sufficient to elicit geminate responses. This result supports the perceptual part of our hypothesis about preaspiration in Italian, i.e., that listeners would tend not to parse pre-aspiration with oral closure (as described at (1c)). It is also in line with other experimental studies on Italian (Esposito and Di Benedetto 1999; Pickett et al. 1999) , which report that native listeners attend primarily to oral constriction duration in distinguishing consonant length (but which have not addressed aspiration). The prediction made in earlier studies on pre-aspiration in Italian (Stevens 2011 (Stevens , 2012 , namely that Italian listeners might show a trading relation between preaspiration + oral closure in making per ceptual quantity judgements was not supported by the experimental data re ported here.
Some variability across listener responses was expected given that experimental research shows that even stable segmental categories show idiosyncratic mappings with the auditory signal (e.g., Hazan and Rosen 1991; Beddor 2009; Yu 2013 ; and see also Section 4.4). While most listeners parsed pre-aspiration with the vowel, perception data for two listeners were interpreted as their having parsed pre-aspiration with oral closure. These two different parsing strategies for pre-aspiration in the perception data correspond to dialect differences noted earlier for Swedish, where a pre-aspirated V + C sequence can be interpreted as either VCː or VːC. This suggests a link between listener-specific perception of pre-aspiration in the auditory signal and permanent dialect-level categorical differences that is worthy of further investigation.
Pre-aspiration and quantity in production
The production study confirmed that pre-aspiration is a shared tendency for vowel + /tː/ sequences for some, but not all, Italian speakers. Based on published acoustic data for Italian (cf. Section 1.3) and on the descriptive literature on preaspiration (e.g., Thráinsson 1978 on Icelandic; Ó Baoill 1980 on Irish Gaelic; Blevins and Garrett 1993; Ladefoged and Maddieson 1996) , we expected preaspirated tokens to show concomitant oral closure shortening for /pː tː kː/. The hypothesis described in (1c) was that Italian listeners would attend to (shorter) oral closure and thus interpret pre-aspirated pronunciations as short /p t k/. However, the production data showed that oral closure duration remained stable across the plain and pre-aspirated tokens. In other words, our speaker subjects did not produce the kind of synchronic variation for /pː tː kː/ that forms the first stage of our proposed model of de-gemination via pre-aspiration. Instead, whether or not /pː tː kː/ were produced with pre-aspiration, oral closure duration was always sufficiently long to signal a geminate /tː/. Because there was no evidence in the production data to suggest that speakers produce shorter oral closures with pre-aspiration, our hypothesis that pre-aspiration could lead to de-gemination of /pː tː kː/ in Italian must be rejected.
The discrepancy between the present production data and earlier results for Italian, which suggested that concomitant oral closure shortening occurs with pre-aspiration, can be explained by methodological differences. Earlier published data were drawn from spontaneous speech (Stevens 2012) or from word-list recordings included within the CLIPS corpus (Stevens 2010 (Stevens , 2011 . The CLIPS data, in particular, involved a large number of speakers but only one token per word per speaker. The present data involved a higher number of repetitions per speaker, and stop place and surrounding context were controlled.
The fact that pre-aspiration does not involve concomitant closure shortening in our Italian production data has potential implications for theories about the origins of pre-aspiration in geminate /pː tː kː/. Some sources (cf. Section 1.2) speculate that pre-aspiration originates as the unintended consequence of shorter oral closures in the production of /pː tː kː/; this pre-aspiration may then be noticed by listeners and chosen for sound change as in (1b). Ní Chasaide's (1985: 294) diachronic model is instead based on the idea that devoicing of /bː dː gː/ might be the reason why speakers come to produce /pː tː kː/ with pre-aspiration, in order to keep the two geminate stop series distinct in production and perception. We did not collect production data for /bː dː gː/ in Italian, so it is not possible to test whether they may be undergoing devoicing and whether this may help to explain pre-aspiration in the voiceless series. However, Ní Chasaide makes the suggestion that pre-aspiration might initially serve to increase the overall duration of syllables containing /pː tː kː/ and that closure shortening may be a subsequent development. The production data for Italian reported here support this suggestion inasmuch as optional pre-aspiration does not involve concomitant closure shortening for /pː tː kː/. Moreover, the duration of the entire vowel + /tː/ sequence is about 30 ms longer with pre-aspiration, that is, pre-aspiration does increase the duration of the V + Cː sequence. A mixed model as outlined in Section 3.1.4 but with V + /tː/ Duration as the dependent variable, +/− Pre-aspiration as the fixed factor, and Word and Speaker as random factors confirmed this pattern ( χ 2 [1] = 31.245, p < 0.001). This result lends support to Ní Chasaide's suggestion that pre-aspiration precedes closure shortening rather than the other way around. Van Dommelen (1999 : 2040 outlines a two-stage model for the development of pre-aspiration in a language. He observes that some Norwegian dialects show breathy voice at the vowel offset preceding voiceless stops, but only the "preaspirating dialects" show the second stage, which involves "longer and mainly voiceless glottal frication". Helgason (2004: 3) also proposes a two-stage model for pre-aspiration in Swedish, including the idea that pre-aspiration might originate in accidentally mistimed gestures and then develop into a planned feature for word-medial fortis stops /pː tː kː/. Helgason describes how pre-aspiration duration varied consistently according to the phonemic length of the preceding vowel for two speakers, suggesting it is a planned event, whereas a third speaker showed less frequent and much shorter pre-aspiration durations, which Helgason attributes to incidental differences in inter-gestural timing. Helgason relates these two timing patterns to Lindblom's H & H theory (e.g., Lindblom et al. 1995) , describing the former, planned event as a hyper-variant and the latter as a hypo-realisation. Helgason suggests that only the hyper-variant would drive the sound change leading to obligatory pre-aspiration.
Pre-aspiration and sound change
Within this kind of two-stage model, the Italian production data suggest that pre-aspiration is best interpreted as a hyper-variant. This is because pre-aspiration involves early glottal abduction in addition to a long oral closure portion in the production of /tː/, making the pre-aspirated tokens more 'geminate-like' than their plain counterparts. On the other hand, the perception data suggest that the Italian participants had difficulty detecting pre-aspiration (even though preaspiration was completely voiceless in the stimuli), and did not parse it with oral closure. This suggests that Italian listeners do not interpret pre-aspirated stops as a hyper-variant of geminate /tː/, of the kind that would precipitate sound change to obligatory pre-aspiration within Helgason's perceptually driven model.
The tendency for Italian listeners not to parse pre-aspiration with the following consonant closure can be attributed to lack of experience with contrastive /h/, in line with Mielke's (2003) account of the influence of native phonology on the ability to detect glottal frication (as noted earlier at Section 1.5). Taken together with Mielke's results, the present perception data for Italian suggest that the typological rarity of pre-aspiration might be explained not only by the auditory ambiguity of pre-aspiration itself (Silverman 2003) , but also by structural differences between languages. That is, pre-aspiration might be a synchronic production variant in more languages than is currently known to be the case, but native listeners need experience with contrastive /h/ in order for pre-aspiration to de velop into a contrastive feature.
Individual differences in the production and perception of pre-aspiration
The production data showed that not all participants produced pre-aspiration, and the perception data showed that perceptual parsing strategies for preaspiration differed amongst participants. Because the same participants took part in both experiments, it is worth exploring whether these differences are due to idiosyncratic -but consistent -parsing strategies or whether the parsing of pre-aspiration in production and perception varies within the same individual. Grosvald and Corina (2012: 96) suggest that (only) a small proportion of the community might be especially sensitive to novel variants and likely to reproduce them, and that it is these individuals who drive sound change. With this in mind, we are interested in whether the two individuals who parsed pre-aspiration with oral closure in perception might match this pattern in their own productions (i.e., producing shorter closure durations with pre-aspiration). This would suggest that they are using pre-aspiration consistently in the perception and production of quantity contrasts in Italian and that they might be considered innovators in a sound change involving the replacement of part of the oral closure for /tː/ with pre-aspiration. With Grosvald and Corina's (2012) study as a model, the production and perception data were plotted against one another in Figure 7 . The data are divided into four quadrants, intended to separate participants according to the way they perceived and produced pre-aspirated stops. To reduce the perception data to one value, each listener's 50% category boundary value for the plain continuum was subtracted from that in response to the pre-aspirated continuum (cf. Figure 2 for the category boundaries). Values close to zero indicate that replacing oral closure with pre-aspiration made little difference to the fatto-fato category boundary for that listener; higher values mean more fato responses for the pre-aspirated continuum (i.e., pre-aspiration was not parsed with oral closure). Thus the perception data for individual listeners are plotted on a scale from "pre-aspiration + closure" to "closure", which corresponds to whether that listener parsed pre-aspiration with oral closure, or not, in categorizing stimuli as fatto or fato. The production data were reduced to one value per speaker by subtracting each speaker's mean C/V for plain tokens from their mean C/V for preaspirated tokens (here excluding pre-aspiration from the C/V calculations following the methods of the production experiment; data for speakers who did not pre-aspirate were excluded from Figure 7 ). C/V pre -C/V plain values close to zero mean there was no difference between the two pronunciations. That is, a speaker with a value of zero on the y-axis co-ordinated pre-aspiration independently of the vowel and independently of the oral closure in production. Positive values on the y-axis reflect a higher C/V pre , that is, for that particular speaker, pre-aspiration is temporally affiliated with the vowel. Negative values for a particular speaker would mean that pre-aspiration involves concomitant shortening of oral closure, but as we saw in Section 3, this was not the case for any of the speakers in the production study. Overall, pre-aspiration appears to be more stable in perception -with most participants in the right-hand quadrants -than in production, for which participants are spread relatively evenly over the y-axis. The relative stability of preaspiration in perception relative to production appears to be a feature of preaspiration itself, rather than being due to any potential differences between experimental groups (given that the same participants took part in both experiments). There is evidence that pre-aspiration is less stable in production than in perception in Scandinavian varieties where it is an optional feature. For example not all speakers of Central Standard Swedish tend to pre-aspirate, but in perception Helgason (2004) found that all 16 listeners used pre-aspiration to distinguish, e.g., ratta 'steer' and radda 'a lot of'.
Most listeners (all except GM and EP) are on the right of the threshold line at 1.5 in perception. That is, their category boundary for the pre-aspirated continuum shifted to the right (more fato responses) by at least 1.5 continuum steps. In terms of their own /tː/ productions, most of these participants fell in the bottom quadrant. This means they produced pre-aspiration independently of vowel and oral closure. The remaining two participants in Figure 7 (GM and EP) perceived little difference between plain and pre-aspirated stimuli, i.e., they parsed pre-aspiration with closure in perception. GM and EP did not match this pattern in production, however, for which y-axis values should have been below zero. Therefore, Figure 7 suggests that GM and EP show a trading relation between pre-aspiration and oral closure in perception but not in their own production. As such these two participants are much like all the others in showing a mismatch between the production and perception of pre-aspiration. Indeed Figure 7 shows that none of the participants in this study uses pre-aspiration systematically in the production and perception of quantity.
Conclusions
The hypothesis tested in this study was that synchronic variability involving the production of /pː tː kː/ with pre-aspiration and somewhat shorter oral closure would lead to de-gemination of /pː tː kː/ in Italian. Within the terms of Ohala's (1981 Ohala's ( , 1993 perceptually driven model of sound change, the proposal was that listeners would fail to parse pre-aspiration with the oral closure, thus mistaking pre-aspirated /pː tː kː/ for short /p t k/. The perception data supported this hypothesis: replacing part of the closure duration with pre-aspiration elicits more singleton responses from Italian listeners. However, the production data showed that pre-aspiration does not involve concomitant closure shortening. In other words, Italian speakers are not producing the synchronic variation for /pː tː kː/ that would cause native listeners to perceive them as short (in our model). This means that the hypothesis that Italian might be undergoing listener-driven degemination must be rejected. The production data lend support to Ní Chasaide's (1985: 297) suggestion that the link between pre-aspiration and quantity in historical sound change is an indirect one. In particular, there was no evidence in this study of a trading relationship between oral closure and pre-aspiration in the production or perception of geminate voiceless stops.
